Introduction
Polymerization reactions break covalent double bonds and form new covalent single bonds, converting monomers into polymers that can be linear or cross-linked. In acrylate resins, the double bonds in the vinyl groups are converted into single bonds. The ratio of the newly formed single bonds to the total number of double bonds before curing is known as the degree of conversion (DC). For dental resin composites, 43-75% DC can be achieved through light curing (1) (2) (3) (4) . As the polymerization reaction progresses, the concentration of free radicals and monomers decreases, and the viscosity of the whole reaction system increases. This results in exponential slowing down of the reaction rate. The initiation of polymerization is often incomplete due to side reactions of the radical species and inefficient setting reactions. Hence, a short chain length and low DC is often observed, leading to somewhat inferior mechanical properties (5, 6) . On the other side, the oxygen inhibition layer also contains unpolymerized monomers and oligomers (7) , which reduce the DC values and can, therefore, be leached out.
The residual monomers after curing are considered as harmful or even toxic to human tissues (8) (9) (10) . Their negative effects include irritation of the soft tissues such as mucosal or pulpal tissues (11) , stimulation of bacterial growth, allergic and cytotoxic reactions, and genotoxic, mutagenic, and oestrogenic effects (12, 13) .
After light-curing, residual monomers can be released from the resin or resin composite into the saliva or other contacting body fluids. The leaching of residual monomers is also believed to contribute to the degradation of a resin or resin composites (11) . The amount of leached monomers is thus, associated with the DC (at least to some extent), but not all residual monomers can be eluted out. A number of leachable monomers and the time needed for complete elution are, as a result, influenced by the following three factors (14) : 1) the number of residual monomers; 2) the solvent used for elution and the elution conditions; and 3) the molecule size and structure of the monomers. The appropriate length of time for complete elution may vary from 1 to 30 days or even longer (15) , while the majority of the elutable substances can be extracted within hours (14) .
Nowadays, the search for new dental materials with better clinical performance has led to fiber reinforced composites (FRCs) and resin systems with less toxicity being frequently studied (16) (17) (18) (19) . The aim of this laboratory study was to investigate the DC and monomer leaching of three urethane dimethacrylate (UEDMA)-hydroxypropyl methacrylate (HPMA)-based [and bis-glycidyl methacrylate (bis-GMA) free] experimental resins. We had four hypotheses: 1. The UEDMA-HPMA-based resins have a higher DC compared to the bis-GMA-methyl methacrylate (MMA)-based resin. 2. The UEDMA-HPMA-based resins exhibit less monomer leaching compared to the bis-GMA-MMAbased resin after the same curing time. 3. Higher content of the diluent monomer in the experimental resins is accompanied with higher DC and less monomer leaching. 4. There is an inverse correlation between DC and the amount of monomer leaching.
Materials and Methods

Materials
The chemicals used in this laboratory study are listed in Table 1 . Four experimental resins with different compositions were prepared (Table 2) , of which group C was the bis-GMA-MMA-based control group and E1, E2, and E3 were UEDMA-HPMA-based experimental groups. The DC and monomer leaching of all four groups were analyzed.
ATR-FTIR analysis
The degree of double bond conversion was determined using a Fourier Transform Infrared (FTIR) spectrometer (FT-IR Spectrometer Frontier, PerkinElmer, Beaconsfield, UK). Data was collected using the Spectrum . The resins were analyzed as specimens prepared in a silicone mold with 1.5 mm thickness and 6 mm diameter. The spectrum of the unpolymerized resin was recorded first. Thereafter, the resin specimens were irradiated for 40 s on the attenuated total reflectance (ATR) tray of the FTIR device. The light-curing data were collected 2, 4, 7, 10, 12, and 14 min after light-curing.
The DC value was determined by measuring the absorbance intensities of the methacrylate C=C absorbance peak at 1,637 cm −1 and the C=C internal standard peak at 1,720 cm −1 . The peak heights were determined using a normal baseline method. The ratios of absorbance intensities were calculated and compared before and after photopolymerization. The DC was calculated using the following equation (1): (1) where A(C=C) is the absorbance intensity of the methacrylate peak and A(C=O) is the absorbance intensity of the internal standard (3). Five parallel measurements were carried out and their mean value was calculated.
HPLC analysis
Block-shaped specimens with dimensions of 5.67 (l) × 2.00 (w) × 2.00 (h) mm were prepared using light-curing on two opposite sides (2.00 × 5.67 mm) for 5, 10, 20, 30, and 40 s (n = 6). A halogen light-curing unit with an average light intensity of 700 mW/cm 2 and a wavelength range of 400-500 nm (Elipar 2500, 3M ESPE, Seefeld, Germany) was used. Immediately after preparation, the specimens were weighed using an analytical balance (EB500HZYS, A-Tech Global Science, Kwai Chungm, Hong Kong) with a precision of 0.0001 g.
After light-curing, the specimens were stored in 1.000 mL of 75% ethanol:water solution (ethanol was of pro analysis grade, Merck, Darmstadt, Germany) for 3 days under magnetic stirring at room temperature. At the end of the storage period, the eluate was filtered with a 0.45 μm pore Millipore syringe filter (with a nylon membrane). The specimens were allowed to dry in a desiccator (containing silica gel) and were then weighed with the same balance used before specimen storage. This drying and weighing cycle was repeated until a constant weight was achieved.
In the current study, only leaching of the main constituent monomers (MMA, bis-GMA, HPMA, and UEDMA) was investigated. Leaching of oligomers, light initiators, coupling agents and other additives was not included in this study and may be investigated in the future.
The eluate (40 μL injected, n = 6) was analyzed using a reverse-phase HPLC unit with a Waters 600S Controller, a Waters 626 Pump, and a Waters 486 Tunable Absorbance Detector (Waters, Milford, MA, USA). A Cosmosil packed column (5C18-MS-II, 4.6ID × 250 mm, Nacalai Tesque, Kyoto, Japan) was also incorporated and the processing software used was Millennium (Waters). The mobile phase contained methanol (absolute for analysis, Merck) and Milli-Q water (Ultra-pure water system, Merck Millipore, Billerica, MA, USA). During the analysis, in the gradient run, the methanol concentration changed from 40 to 90 vol% while the Milli-Q water concentration changed from 60 to 10 vol%. The flow rate was 0.7 mL/min, the run time was 25 min, and the wavelength of UV-light applied was 227 nm.
Concentrations of the base standard solutions are listed in Table 3 . These were diluted ×2, ×4, ×8, and ×16 times to obtain five standard solutions. All the standard solutions were also filtered before injection. A calibration curve was constructed using the curves of the five standard solutions. All the regression coefficients for MMA, bis-GMA, HPMA, and UEDMA were thus, greater than 0.999.
In the chromatograms, the retention time of bis-GMA was approximately 13.7 min, MMA was 10.2 min, UEDMA was 12.0 min, and HPMA was 9.2 min. The areas under the corresponding peaks were calculated to obtain the concentrations of the released monomers. The weight of the released monomer and the percentage weight of the initial specimen weight (specimen weight before incubation in 75% ethanol:water solution) were calculated according to equations (2) and (3), respectively.
M(monomer) (mg) = C(monomer) (mg/mL) × 1 mL (2) Released monomer % = M(monomer) ⁄ M(initial specimen) × 100 (3) M(monomer): weight of the released monomers, including MMA, bis-GMA, HPMA and UEDMA; C(monomer): concentration of the released monomers in the 75% ethanol:water solution after incubation for 3 days; Released monomer %: weight percentage of the released monomers in the initial specimen weight; M(initial scimen): initial weight of the specimen before incubation.
Statistical analysis
The Kruskal-Wallis tests and Mann-Whitney tests were performed using SPSS 16.0 software (Statistical Package for Statistical Science, Chicago, IL, USA) to determine how DC and leaching were influenced (α = 0.05).
Results
Degree of conversion
The DC for the four groups are shown in Fig. 1 . DC was seen to range from 57.7% to 77.6%, and the experimental groups exhibited a higher DC than the control group. In E1 to E3, a higher UEDMA content was accompanied by a lower DC (P < 0.05). The increase in DC slowed down with time in all four experimental resins. The spectra before light-curing and 14 min after the start of curing are shown in Fig. 2 (a-d) . Figure 3 (a-d) are typical HPLC-chromatograms for the control and experimental groups. Figure 4 (a, b) show chromatograms for the bis-GMA-MMA standard solution and the UEDMA-HPMA standard solution.
Monomer leaching
A trend was observed in Fig. 5 (a-d) , suggesting that the weight percentage of the leached monomers decreased with increasing curing time (P < 0.05). However, as shown by the statistical analysis, there were no significant differences in the leaching amounts after 30 and 40 s of light curing. In the control group, more MMA was released than bis-GMA (P < 0.05) irrespective of curing time. Conversely, all three experimental groups exhibited greater UEDMA release than HPMA (P < 0.05), except E3 after 20 s of curing.
Discussion
When this study was first designed and conducted two years ago, MMA was still used in dental resin composites. Although MMA is no longer used, this study may still be used as a reference, similar to previous studies (20) . The contents of four monomers in each resin were designed and quantified (wt%) in Table 2 . Although the ratio in vol% may be easily calculated with the density values, it has not been included in the table.
Degree of conversion
The DC depends on the properties of the resin being cured, e.g., the monomers and initiators contained, properties of the fillers, and thickness of the resin. It can also be affected by light sources, e.g., lamp type, intensity, wavelength, and curing time (21) . The experimental groups exhibited a higher DC than the control group, and a higher UEDMA content was accompanied by a lower DC (P < 0.05) in E1 to E3. The rigid aromatic nuclei and strong hydrogen bonding in bis-GMA results in a high viscosity and glass transition temperature, limiting the mobility of free radicals in a bis-GMA-based resin and thus, results in a lower DC (10, 22) . Higher UEDMA content in the experimental groups resulted in increased resin viscosity, thereby, limiting the free radical mobility and thereby the DC.
The increase in DC became slower with time in all four experimental resins, suggesting a decreasing reaction rate of polymerization.
In some studies (10,23) the absorption peak at 1,720 cm −1 assigned to the carbonyl stretching vibration were not recommended as an internal standard for a UEDMAcontaining resin. This is mainly because the position and intensity of this peak may become unstable during polymerization. Calculation with this peak can result in a higher value of DC, but the overall profile is usually the same (23) . In this study, the peak at 1,720 cm −1 was still used for DC calculation based on previous work (1). However, further research is necessary using other internal standards (e.g., the peaks at approximately 1,530 cm −1 or 1,455 cm −1 ) to compare and justify the results of this current study. 
Monomer leaching
According to the pilot study, the leaching amounts of bis-GMA and UEDMA were too low to be determined in HPLC when only water was used as the eluate. This may be due to the low solubility of these two monomers in pure water. Thus, the current study used a 75% ethanol:water solution, which is recommended by the US FDA as the food/oral-simulating liquid in order to be clinically relevant (14) .
According to Ferracane (14) , approximately 5-10% of the unreacted monomer can be eluted into an aqueous solution, which equals approximately 2% of the resin weight for most resin composites. In the current study [ Fig. 5 (a-d) ], all the weight percentage values of the eluted monomers were under 3.5%, which was in agreement with some previous studies (14, 15, 24, 25) .
As the curing time increased, more energy was absorbed by the resin and more free radicals were produced, promoting the polymerization reaction. As a result, the number of unbounded monomers and leachable components decreased. A sharp decrease was observed between 5 s curing to 10 s curing. From 10 to 40 s, the leaching amount only changed slightly. It is worth pointing out that the leaching of HPMA in group E3 exhibited no significant changes from 5 to 40 s of curing. This might be due to the low concentration of HPMA in E3 (7.4 wt%). Most of the HPMA was cured after light-curing for 5 s. As the curing time increased, no obvious increase in leached HPMA was observed as the amount of HPMA left to be cured had decreased. This indicates that light-curing for at least 10 s could be of significance in clinics.
A higher weight and bigger size of the molecule, e.g., bis-GMA may inhibit the mobility of the monomer and reduce the elution amount, while smaller molecules such as MMA can diffuse out of the resin faster and in greater quantities (26) . This said the theoretical background can be explained by the Stokes-Einstein equation: diffusion constant, D = kT / (6πha) (where k is the Boltzman constant, T is the absolute temperature, h is the absolute viscosity, and a is the molecule radius) (Atkins P and de Paula J, Atkins ' Physical Chemistry, 1988) . This equation shows that as the molecule radius increases, the diffusion constant decreases. Apart from the relatively bigger molecular weight, bis-GMA is comprised of two phenyl groups, making it a bulky three-dimensional molecule. This may also explain bis-GMA's slower and lesser elution compared to MMA (25) .
On the other hand, the increased release of UEDMA, compared to the HPMA, may be attributed to the relatively low content of HPMA in the uncured resin (7.4-27.4%) and less uncured HPMA.
As for the HPMA leaching with 5 s curing, E1 (0.72%) showed a higher leaching amount than E2 (0.39%) did, and E3 (0.12%) exhibited the lowest leaching among the three groups (P < 0.05). From 10 to 40 s curing, the leaching amounts of HPMA for the three groups were close to each other (approximately 0.1%), even though significant differences were still observed [cf. Fig. 6 (a) , P < 0.05]. Similar HPMA leaching after 10 s and >10 s curing in all three experimental groups may be explained by the fact that almost all the HPMA was polymerized within this time. As for UEDMA [ Fig. 6 (b) ], the E2 group showed the highest leached monomer percentage at each curing time. After 30 and 40 s of light-curing, the leaching amount of UEDMA in E3 was too low to be determined and was 0.20% and 0.50% for E1 and E2, respectively. However, out of all the four groups, E3 showed the lowest leaching of both mono methacrylate monomer (HPMA) and dimethacrylate monomer (UEDMA) after 40 s of curing. A larger quantity of MMA was leached out from the control group compared to HPMA from the experimental groups. Since MMA and HPMA have relatively similar molecular weight and structure, this may indicate that MMA polymerization in the control group was not as complete as the HPMA polymerization in the experimental groups, in accordance with the higher DC in the experimental groups.
In this study, two light curing units with different light intensities were used in the FTIR and HPLC experiments. Directly relating the DC and monomer leaching results for a single group is unjustified. Conversely, the comparison of the DC and monomer leaching results in different groups and the relationship between the two may be discussed. Some other published studies have shown an inverse correlation between the DC and the amount of monomer leaching (27) , which was not observed in the current study. This is understandable as monomer leaching can be affected by factors other than DC, i.e., some monomers are chemically bonded to the polymer (so-called pendant methacrylate groups) and some are trapped within the polymer and cannot be released (15) . However, more MMA and bis-GMA from group C was leached out compared to HPMA and UEDMA from groups E1, E2, and E3, and this was in agreement with the lower DC of group C compared to the experimental groups.
In conclusion, referring to the hypotheses stated at the start of this study, the UEDMA-HPMA-based experimental resin groups exhibited a higher DC compared to the bis-GMA-MMA-based control resin, and the DC decreased with increasing UEDMA content. Most UEDMA-HPMA-based experimental resins (except for the dimethacrylate monomer leaching in E3) showed less monomer leaching (either dimethacrylate or diluent monomer) than the bis-GMA-MMA-based control resin did after the same curing time. Of all the four experimental study groups, E3 had the lowest leaching of both mono methacrylate and dimethacrylate monomers after 30 and 40 s of curing. The DC and monomer leaching did not change inversely in the four groups. Nevertheless, the UEDMA-HPMA resin system-based materials may be a potential substitute for the traditional bis-GMA-based resins in dental clinics.
